Replication-competent oncolytic herpes simplex viruses (HSVs) are considered a promising therapeutic approach for treatment of high-grade gliomas (HGGs), which are usually resistant to all the available treatments. We previously demonstrated that R-LM113, a recombinant HSV-1 fully retargeted to the human epidermal growth factor receptor 2 (HER2), is safe and prolongs survival of immunodeficient NOD/SCID mice in an intracranial model of HGG. However, because the treatment is designed to be employed on immunocompetent patients, it is necessary to test whether the host immune system impairs the viral efficacy or triggers a potentially fatal reaction. Here we confirmed the safety of R-LM113 in the immunocompetent mouse strain BALB/c, where it does not trigger encephalitis when intracranially inoculated. Then, we set up a syngeneic HGG model expressing HER2 in adult BALB/c mice and evaluated R-LM113 therapeutic efficacy. We found that R-LM113 leads to a significant improvement in animal survival when administered at the time of tumor inoculation, as well as when injected into an already established tumor. This study suggests that the host immune defenses do not curtail the oncolytic antitumor activity of replication-competent HSV R-LM113, which results effective in counteracting tumor growth.
INTRODUCTION
High-grade gliomas (HGGs) are the most common malignant tumors originating from central nervous system and are among the most lethal form of cancer. Unfortunately, traditional therapies are often ineffective against HGG because of their highly invasive nature, combined with their chemo-and radio-resistance. Even with recent advances, the median survival of patients with grade IV gliomas is 15 months, with a 2-year survival rate of about 26%. 1 One promising alternative therapeutic approach, which has been explored in both preclinical and clinical trials, is the use of oncolytic viruses that provides a powerful mechanism of action compared with other therapies, because they can specifically kill tumor cells while sparing normal cells and they can also replicate and propagate within the tumor.
Engineered herpes simplex viruses (HSVs) have been among the most extensively studied oncolytic viruses against HGGs because of its several advantages: they do not integrate into host DNA, have a large genome, with up to 30 kb nonessential sequences amenable for removal and replacement with foreign sequences. From a safety standpoint, anti-herpetic drugs are readily available to abort a threatening infection, in a worst-case scenario. Moreover, thanks to its neurotropism, HSV is particularly suitable for an oncolytic therapy against HGG. [2] [3] [4] To date, oncolytic HSVs (oHSVs) have been applied in preclinical and clinical trials for a variety of tumors, including HGG demonstrating their safety and some degree of efficacy. 2, [5] [6] [7] [8] We recently provided the first proof of principle of the safety and the efficacy of a replication-competent fully retargeted oHSV, R-LM113, in an immunodeficient (NOD/SCID) orthotopic model of HGG. 9 R-LM113 is an engineered HSV, fully retargeted to the human epidermal growth factor receptor 2 (HER2). 10 This receptor is well suited for this purpose because it is expressed in a considerable (15-80%) fraction of HGGs 11, 12 and is a pejorative prognosis factor for several cancers including brain tumors. [13] [14] [15] Notably, HER2 is not expressed in adult central nervous system; 16 hence, it is a highly specific target for oncolytic virotherapy. The study was conducted in an immunodeficient mouse strain (NOD/ SCID) in order to better challenge the safety of the recombinant virus. Because of the extreme sensitivity of such strain, any residual tendency of the recombinant virus to spread in the healthy tissue would be easily recognized. However, for a real-life employment of the recombinant virus, it remained some concerns about its possible interactions with the immune system of the host. It is conceivable that the recombinant virus may evoke an immune response, triggering different unwanted reactions from fatal inflammation to a decrease of the oncolytic virus efficiency in terms of spread and cytotoxic effects. On the other hand, the host immune response against the virus may increase the efficacy in tumor clearance.
Here we focused our efforts on the development of an immunocompetent murine glioma model to evaluate whether the host immune response could affect the antitumor virotherapeutic effects. As mouse strains significantly diverge in their susceptibility to viral infections, we selected the BALB/c mouse strain, which is known to be susceptible to HSV. 17, 18 In this study, we provided evidence that both the safety and the therapeutic efficacy of the replication-competent HSV R-LM113 are not spoiled by the immune system.
MATERIALS AND METHODS

Animal procedures
Mice were handled in agreement with the guidelines conforming to current Italian regulations for the protection of animals used for scientific purposes (D.lvo 27/01/1992, no. 116). Procedures were approved by the Ethical Committee for Animal Experimentation of the National Institute of Cancer Research and by the Italian Ministry of Health. The experiments were performed on the BALB/c mouse strain.
Intracranial injections into adult mouse brains were performed at bregma coordinates: anterior-posterior, 1.0 mm anterior; lateral, 1.5 mm left and 2.5 mm below the skull surface, as previously described. 19 Animals were injected with up to 9 ml of suspension, containing 2 Â 10 4 to 7 Â 10 4 cells or viral preparations, and then monitored daily for the appearance of neurological symptoms. Their brains were photographed on a Leica (Wetzlar, Germany) fluorescence stereo microscope. Survival curves were determined using Kaplan-Meier analysis and survival between groups was compared by log-rank test.
Cell cultures and transfection
Platelet-derived growth factor B (PDGF-B)-induced brain tumors expressing DsRed fluorescent reporter were obtained as follows. Embryonic neural precursors were obtained from embryonic day 14 (E14) BALB/c mouse embryos as previously described. 20 Cells were plated at a density of 3.6 Â 10 5 cells per cm 2 onto poly-D-lysine-coated (Sigma-Aldrich, Milano, Italy) 24-well plates in DMEM-F12 added with B27 supplement, human bFGF and EGF (10 ng ml À 1 ). Immediately after plating, cells were transduced with retroviral vectors encoding PDGF-B and DsRed described previously. 21, 22 After 7 days, 2 Â 10 4 transduced cells were intracranially inoculated in adult BALB/c mice.
Tumor cell cultures derived from PDGF-B/DsRed-induced gliomas (PDGF-HGG cells) were maintained in DMEM-F12 added with B27 supplement, human bFGF and EGF (10 ng ml À 1 ) and plated on Matrigel (1:200, BD Biosciences, Milano, Italy). PDGF-HGG cells were transfected with the pcDNA3-HER2 plasmid 23 by using Lipofectamine (Life Technologies Italia, Monza, Italy) and were selected with neomycin G418 (Life Technologies Italia).
Immunostainings
For histological analysis, brains were fixed with 4% paraformaldehyde, cryoprotected in 20% sucrose and sectioned with a Leica CM3050 S cryostat or paraffin-embedded and sectioned with a Leica RM2135 microtome. Immunostainings on brain sections or cultured cells were performed using the following antibodies: mouse monoclonal antibodies against HER2 (1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA), nestin (1:100; BD Biosciences); rabbit polyclonal antibodies against Olig2 (1:500; Sigma-Aldrich), Ng2 (1:200; Chemicon, Millipore, Milano, Italy) and human myeloperoxidase (MPO, 1:300; DakoCytomation, Milano, Italy); and rat antibodies against F4/80 (1:30, Serotec, Milano, Italy). Binding of primary antibodies was revealed with appropriate secondary anti-rabbit IgGDylight 488-conjugated (1:500; Jackson Immunoresearch, Milano, Italy), cy2-conjugate anti-mouse IgG (1:100; Jackson Immunoresearch) and cy3-conjugate anti-rat IgG (1:100; Jackson Immunoresearch). Nuclei were stained through 5-min incubation in Hoechst 33342 solution (1 mg ml À 1 , Sigma-Aldrich).
Cell infection
The construction and production of the recombinant virus R-LM113, retargeted to HER2, and R-LM5, with wild-type tropism, have been described elsewhere. 
RESULTS
Establishment of a BALB/c model of HGG expressing HER2
To study the effects of anti-HER2 oncolytic virotherapy on an immunocompetent system, we developed a murine HGG model in the BALB/c mouse strain, known to be among the most HSVsensitive mouse strains. [24] [25] [26] We established the model by transducing BALB/c neural precursor cells explanted at embryonic day 14 (E14) with retroviruses encoding the growth factor PDGF-B, whose overexpression in neural progenitors is known to induce gliomas 27, 28 and the red fluorescence protein DsRed. Transduced neural precursor cells were subsequently transplanted in the brains of adult BALB/c mice where they generated primary tumors within about 100 days. Cells obtained from these primary tumors were cultured and engineered to express the human receptor HER2. Such cells (herein referred as to BALB/c-HGG) properly express HER2 on the cell membrane and closely resemble, in term of molecular marker expression and tumorigenic potential, C57BL/ 6-HGG cells expressing HER2 as previously described (Figures 1a and e). 9 By immunocytochemical analysis, we showed that both BALB/c-HGG-HER2 and C57BL/6-HGG-HER2 cells display markers typical of oligodendroglial precursors, such as Nestin, Ng2 and Olig2 (Figures 1b-d and f-h ). Moreover, animals intracranially transplanted with HER2-positive BALB/c-HGG die with a median survival of 47±1 days, similar to that of NOD/SCID mice transplanted with C57BL/6-HGG-HER2 (51 ± 2 days) cells, due to the formation of large DsRed-positive tumor masses (Figures 1i  and k) . HGGs derived from BALB/c and C57BL/6-HGG-HER2 cells histologically closely resemble each other and human HGGs because they are characterized by a rather compact structure and wide necrotic areas surrounded by highly proliferating cells forming pseudopalisades (Figures 1j and l) .
The BALB/c immunocompetent mouse strain is sensitive to HSV infection First, we confirmed BALB/c susceptibility to HSV infection by intracranially inoculating in adult BALB/c mice, increasing doses of R-LM5, a recombinant HSV exhibiting wild-type tropism, and expressing EGFP reporter. In this assay, all the three mice inoculated with 10 6 plaque-forming units developed lethal encephalitis within 6 days. At death, the explanted brain revealed wide EGFP-positive areas, ascribable to virus spread (Figure 2a) . Histology of brain sections was consistent with encephalitis, showing broad areas of extravasation and blood-vessel wall thickening (Figure 2b) . Furthermore, massive infiltration of granulocytes and macrophages was detectable, thanks to myeloperoxidase and F4/80 stainings (Figure 2c) . On the contrary, none of the animals intracranially inoculated with 10 6 plaque-forming unit of the fully retargeted recombinant R-LM113 exhibited neurological symptoms within the time frame of observation (7 days), and the histological analysis did not show any sign of viral neurotoxicity or inflammation (Figures 2e and f) .
We then demonstrated that BALB/c-HGG-HER2 cells are susceptible to R-LM113 infection and spread, in vitro, by exposing replicate cultures of HER2-negative and HER2-positive BALB/c-HGG cells to serial dilutions of R-LM113 or R-LM5, as control. After 24 h, infection was detected as expression of the reporter gene EGFP encoded by the virus (Figures 3a-d') . These data further confirm the full retargeting of R-LM113, because the recombinant HSV was not able to enter HER2-negative BALB/c-HGG cells.
Infection efficiency of R-LM113 in BALB/c-HGG-HER2 cells was compared with that of the wild-type tropism HSV R-LM5 by infecting BALB/c-HGG-HER2 cells at the same multiplicity of infection of either virus (that is, 1 plaque-forming unit per cell, as determined from titration in SK-OV-3 cells) and by evaluating the number of infected cells after 24 h. In these experiments, R-LM113 infected about 6% of BALB/c-HGG-HER2 cells (Figure 3e ), whereas R-LM5 infected about 60% of cells (Figure 3f) . Thus, the infection efficiency of R-LM113 in BALB/c-HGG-HER2 cells was about one order of magnitude lower than that of R-LM5, in line with the difference we showed for C57BL/6-HGG-HER2. 9 The susceptibility of BALB/c-HGG-HER2 cells to R-LM113 was, however, lower than that of C57BL/6-HGG-HER2 cells, likely because of their three times lower level of HER2 (Supplementary Figure 1) . Finally, R-LM113 ability to spread in BALB/c-HGG-HER2 cells was demonstrated by infecting such cells with R-LM113 at low multiplicity of infection (0.025) and by monitoring the formation of plaques during the time (Figures 3g-i) .
Oncolytic efficacy of R-LM113 in an immunocompetent environment We then investigated the therapeutic efficacy of R-LM113, following two experimental schemes differing on the timing of viral treatment.
In the first approach, representing the earliest possible treatment, the virus was put in contact with the tumor cells at the same time of intracranial transplantation. We therefore intracranially transplanted, in three independent sessions, a pool of 35 adult BALB/c mice with 1 Â 10 4 to 6 Â 10 4 BALB/c-HGG-HER2 cells. Seventeen mice (herein referred to as 'R-LM113 earlytreatment set') received, in addition and at the same time, between 5 Â 10 3 and 1 Â 10 4 BALB/c-HGG-HER2 cells that were infected in vitro 48 h before with R-LM113 at a multiplicity of infection between 5 and 10. The remaining 18 mice were used as control and herein referred to as 'early-treatment control set'. Mice were then monitored for 160 days.
Survival time of mice belonging to the R-LM113 early-treatment set appeared significantly increased as compared with that of the control set, showing a median survival time of 77 versus 46 days, respectively, (log-rank test Po5 Â 10 À 4 ; Figure 4a ). All the animals of the control set exhibited neurological symptoms within 81 days after transplantation, because of the presence of DsRed-positive large tumor masses (Figure 4b ). On the contrary, 440% of the R-LM113 early-treatment set did not show any sign of distress in the same time frame. The brains of the animals belonging to the R-LM113 early-treatment set were examined when they showed the first neurological symptoms and almost all of them showed the presence of DsRed-positive tumor masses, sometime scattered with EGFP-positive areas, indicating an ongoing infection of R-LM113 (Figure 4c ). Two mice belonging to the R-LM113 earlytreatment set survived until the end of the planned observation period (160 days) and were killed. One of them bore a DsRedpositive tumor mass harboring an EGFP-positive area, whereas the other one appeared tumor-free.
In the second approach, the treatment with oncolytic virus was performed at later stage (that is, 26 days after transplantation of 2 Â 10 4 BALB/c-HGG-HER2 cells), on an already established tumor, to mimic a possible therapeutic application of the oncolytic virus. The treatment consisted in a single intratumor injection of 5.5 Â 10 5 plaque-forming unit of R-LM113 in 19 adult BALB/c mice (herein referred to as 'R-LM113 late-treatment set'). In parallel, as control, 18 mice were injected with the same volume of ultraviolet-inactivated viral preparation (herein referred to as 'UV-R-LM113 late-treatment control set'). We took into account only the animals surviving at least 5 days after virus injection (16 in R-LM113 late-treatment set and 14 for the control), a time likely sufficient for spread of the virus, and excluded mice that did not recover from the intracranial stereotaxic injection.
Mice belonging to the R-LM113 late-treatment set showed a significant increase of the median survival compared with that of the control set (Po0.005; Figure 4d) .
Although all the mice of the R-LM113 late-treatment set died due to the formation of DsRed-positive tumor mass, 6 out of 16 Figure 2) , demonstrating that the virus was spreading into the tumor.
DISCUSSION
In this study, we provide evidence for the antitumor efficacy of the recombinant oHSV R-LM113 in an immunocompetent animal model of HGG.
We previously showed R-LM113 safety and efficacy in counteracting HGG growth in the immunocompromised NOD/SCID mouse strain. 9 Nevertheless, although the brain is an immunoprivileged location, a therapeutic strategy based on oncolytic viruses should take into account possible interaction between the viruses and the host immune system. Orthotopic cancer models in immunocompetent animals susceptible to the oncolytic virus represent the most reliable and predictive preclinical model for oncolytic virotherapy. 29 An immune response could, in fact, limit viral spread, hence, causing a decrease of cytotoxic effects as it has been shown for adenoviral vectors. 30, 31 Besides, a very strong immune response could hypothetically trigger a fatal inflammation leading to death. On the other hand, it has been demonstrated that the oncolytic efficacy of an attenuated HSV vector may be increased by the virally induced antitumor immunity, 32 either locally by the recruitment of immune effector cells, which may increase oncolytic activity and improve tumor clearance, or at distant sites by cross-priming the immune response to the tumor. 33 With this respect, in some instances HSVs have been armed in order to achieve a better immune-mediated tumor killing. 34, 35 Syngeneic models for gliomas have been developed in rats and mice. 36 The oncolytic virotherapy approaches undertaken with adenoviruses exploited mostly replication-deficient, locally delivered vectors carrying immunomodulatory molecules to boost the immune response and to recruit bone marrowderived dendritic cells, 37, 38 clearly bypassing the issue of inhibition of viral replication by the immune system. On the contrary, replication-competent tumor-specific myxoma virus and vaccinia virus assayed in gliomas implanted in immunocompetent hosts showed improved oncolytic activity when drugs like rapamycin suppressing the innate IFN I responses were coadministered. 39, 40 Here we established a syngeneic immunocompetent murine model of HGG expressing HER2, in which we evaluated the impact of the host immune system on R-LM113 anti-glioma efficacy. BALB/c mice were chosen because they are known to be susceptible to HSV infection. 18 None of R-LM113 intracranially inoculated BALB/c mice developed fatal inflammation nor showed signs of infection (EGFP expression), demonstrating that R-LM113 did not elicit a dangerous immune response and therefore it is safe also in an immunocompetent animal.
The oncolytic virus was clearly able to infect tumor cells in vivo and, notably, infected EGFP-expressing cells were found also in animals dying very late (that is, 160 days from the treatment), a time surely more than sufficient for an antigen to elicit an immune response. Interestingly, the EGFP-positive cells were spread in the brain even in location far away from the injection site, demonstrating that the immune system of BALB/c is not able to limit the spread in the tissue (Figure 4e) .
In terms of efficacy, the comparison between the results obtained in the immunocompetent BALB/c mouse strain and those obtained in the immunodeficient NOD/SCID mouse strain, described in our previous report, 9 shows that the efficacy of R-LM113 is indeed virtually undistinguishable both in early and late treatment experimental schemes.
This study shows that the R-LM113 virus is not spoiled nor made dangerous for the recipient by the reaction of a competent immune system and thus represents a step forward towards the possibility to treat human HGGs with retargeted oHSVs. In perspective, it is also to consider the possibility of improving the efficacy of oncolytic effect by 'arming' retargeted oHSVs with cytokines as IL-12, GM-CSF or IL-21 in order to recruit effector cells and enhance the response of the immune system against the tumor.
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